Abstract-The tuning properties of two-dimensional dielectric and metallic photonic crystals, which contain nematic liquid crystal materials as defect elements or layers, are thoroughly analyzed using appropriate formulations of the finite difference time domain (FDTD) method. Our methodology correctly incorporates the anisotropy introduced by the liquid crystal materials together with the dispersive properties of the metallic elements; it is used for calculating both the dispersion diagrams of the defect-free photonic crystal as well as the device response in the presence of the defect elements. Numerical simulations reveal that defect states originating from the liquid crystal impurities can be effectively tuned by the application of a local static electric field. Indeed, tuning ranges up to almost 100 nm can be achieved requiring operating voltages lower than 4 V. It is also concluded that the placement of a defect mode relative to the bandgap edges greatly influences both its linewidth as well as its tuning range.
I. INTRODUCTION

D
URING the last two decades photonic crystals have become the subject of intense research due to their potential scientific and technological applications. They are artificial periodic structures that forbid light propagation at certain frequency ranges, along specific directions [1] , [2] . Various optical circuit elements based on photonic crystals have been analyzed so far. Among them, waveguides, even with low-loss sharp bends, high-resonant cavities, filters, power splitters, directional couplers and switches [3] - [8] have been studied in depth.
All the previous and many other useful applications are based on doped photonic crystals where the perfect periodic geometrical pattern is interrupted by the introduction of defects. The translational symmetry can be discontinued by the addition or subtraction of dielectric materials from each unit cell [9] , resulting in discrete localized defect states formed inside the bandgap. For impurities associated with the addition of materials, the defect modes are pushed down from the higher air band, whereas when the removal of dielectric media is involved, the defect modes are pulled up from the lower dielectric band.
Since dynamically tuned devices are essential components in optical systems, photonic crystal configurations which com- prise nonlinear or liquid crystal materials are currently under intensive study. In the former case, either each unit cell contains nonlinear materials, so that the spectral properties of the photonic crystal are intensity dependent [10] , or nonlinear defects are inserted and the structure's operation is switched by means of auxiliary control signals or the operating signal itself [11] . On the other hand, liquid crystals offer two tuning mechanisms, as their refractive index can be varied with temperature change or by application of a local static electric field, which influences the molecular orientation [12] . Thus, by filling segments of the photonic crystal period with certain liquid crystal materials, the photonic bandgap can be controlled and in some cases even widened, like when used as the background material of an array of metallic rods [13] , [14] . Moreover, liquid crystal materials in the form of localized defects, offer the possibility of shifting the frequency of the defect modes through the application of a voltage or the temperature change. This effect can be exploited to design tunable structures [15] , [16] . In this paper we study the spectral properties of three devices which are based on dielectric and metallic photonic crystals and contain defects filled with a nematic liquid crystal material [17] - [20] . It is demonstrated that the exact position of the defect modes strongly depends on the particular device geometry and concurrently influences their bandwidth and the tuning induced by the application of static voltages. The proposed structures can find potential applications as narrow-band tunable filters in wavelength division multiplexed systems.
The liquid crystal materials are simulated utilizing an anisotropic form of the finite difference time domain (FDTD) method [21] , [22] . For metals, the second-order Drude dispersion model is used and Yee's algorithm is modified according to the auxiliary differential equation (ADE) technique [23] . The previous variations of the regular FDTD scheme are combined with the material-independent perfectly matched layer (PML) absorber [24] , [25] , to ensure minimization of the reflected waves at the boundaries of the computational window. Furthermore, the necessary modifications of the FDTD method in conjunction with the appropriate periodic boundary conditions are implemented [26] , to accurately compute the dispersion diagrams of the associated defect-free photonic crystals.
II. ASPECTS OF NUMERICAL MODELING
The appropriate formulations of the FDTD method for the simulation of the devices under study are briefly introduced in this section. The conventional Yee algorithm is modified in order to accurately model metals and liquid crystal materials, as well as to calculate the dispersion diagrams of photonic crystals. (2) subject to the appropriate constitutive relations. The previous two equations are discretized in space and time using central finite differences, according to the standard leapfrog scheme. In this manner, the components of the magnetic field and the dielectric displacement are updated. The characteristic properties of the background material are introduced into the algorithm through the electric field constitutive equation, which can be generally written as
The proper formulation of (3) leads to the final step of the overall FDTD computational process.
In the case of uniaxial liquid crystal materials, the permittivity function is a symmetrical tensor, expressed as (4) , shown at the bottom of the page, where is the tilt angle out of plane and is the twist angle with respect to the axis. Both angles determine the direction of the local optical axis, while is the ordinary optical dielectric constant and denotes the difference between the extraordinary and ordinary dielectric constants. Having calculated the dielectric displacement components using (2), the electric field vector is computed by inverting (3), thus , and is subsequently used in (1) so that the magnetic field vector can be time-advanced. It should be noted that the dielectric displacement components occupy the same positions at the Yee cell as the electric field ones. Therefore, in order to relate each electric field component to all three dielectric displacement components, certain interpolations are essential. Notice that if the angle is zero (optical axis oriented in the plane), then only five out of the nine elements in the permittivity tensor are nonzero, namely , , , and . As a consequence, TM and TE modes are decoupled and they can be treated separately.
Moreover, metals exhibit dispersive properties at optical frequencies. Metallic elements are simulated using the secondorder Drude model, according to which the complex frequencydependent permittivity function is defined by the formula (5) where and are the plasma and collision frequency, respectively. The FDTD algorithm is extended to dispersive media using the ADE technique, which integrates an auxiliary ordinary differential equation in time, concurrently to Maxwell's curl equations. The electric field constitutive relation results, after some algebraic operations, in (6) Subsequently, the previous equation is inverse Fourier transformed, substituting the terms and with the first-and second-order temporal derivatives. In this way, the following differential equation is derived (7) Using central differences, the formula relating each electric field component to the corresponding dielectric displacement one, is given by (8) , shown at the bottom of the page.
The previous variations of the FDTD method must be combined with appropriate absorbing boundary conditions to truncate the computational window with minimal reflections. Therefore, a special implementation of the PML technique is used. Since the developed algorithm for metals and liquid crystals operates on the pair of the field vectors, the material-independent PML absorber is selected to efficiently terminate the geometries under investigation. Its main difference compared to Berenger's PML is the introduction of dielectric displacement conductivities instead of the usual electric field ones. As a consequence, the artificial layer surrounding the computational domain absorbs the dielectric displacement and magnetic field directly, while the electric field is attenuated through the constitutive relation. The modified impedance matching condition is . In order to compute dispersion diagrams of photonic crystals using the FDTD method, the computational space is limited to the lattice unit cell, as shown in Fig. 1 , where the problem geometry and the corresponding irreducible Brillouin zone are depicted for the two-dimensional square and triangular lattice. According to the Bloch theorem, the three field vectors ( , , ) can be written in the following form:
where the function is periodic and the wave vector lies in the plane of periodicity. The FDTD algorithm is implemented using either the , or the vectors. In the former case, the field (4) (8) update equations remain unchanged. However, when the periodic vectors are employed, the resulting differential equations are modified to embody the values of the wave vector . As an example, the differential equation leading to the time-advancing expression for the component is as follows: (10) At the limits of the computational window, Bloch boundary conditions are imposed to simulate the translational symmetry. According to (9) they may be written as (11) where is a lattice vector. When using the formulation, the previous formula is substituted by (12) while for the complex vectors it can be analytically expressed by the following relations:
The indexes and denote the real and imaginary part of a complex number. It must be observed that in the formulation the direction and value of the wave vector are introduced into the computations through the Bloch boundary conditions (13) .
A modulated Gaussian pulse, covering the frequency range of interest, is set at random grid points to excite the structure. The wave vector end is moving along the edges of the irreducible Brillouin zone. For every given value, the Fourier transform of the field is calculated after steady state has been reached. The peaks appearing in the field spectrum correspond to the frequencies of the modes allowed to propagate in the crystal.
III. APPLICATIONS AND NUMERICAL RESULTS
A. Dielectric Photonic Crystal Having Air-Voids Filled With Liquid Crystal as Defect Elements
The first structure under investigation is depicted in Fig. 2 . It is based on a photonic crystal consisting of a triangular lattice of infinitely long air cylinders embedded in silicon. The radius of the circular cross section of the air rods is set to , where is the lattice constant, while the relative permittivity of Si is considered to be 11.4. Defect elements are introduced in the crystal by filling certain air-voids at the centre of the device with E7, a typical nematic liquid crystal material characterized by ordinary and extraordinary refractive indexes equal to 1.49 and 1.66, respectively. The defect area is surrounded by five periods of the photonic crystal, whereas the lateral width of the device is presumed to be infinite. The optical axis direction inside the liquid crystal, lying in the plane, is defined by the tilt angle which can be altered by means of applying a local static electric field. It must be noted that the specific photonic crystal has been selected because it possesses a wide frequency gap for TE modes (magnetic field parallel to the rods) along the direction, specifically between , and . This is shown in Fig. 3 where the dispersion diagram of the crystal is plotted. The solid line and the line with circles correspond to the numerical schemes operating upon the and field vectors, respectively. Evidently, there is excellent agreement between the two graphs.
A modulated Gaussian TE plane wave, traveling along the horizontal direction, is applied as an excitation source. The spectral content of the input signal covers the frequency gap of the photonic crystal, where the defect modes are expected to appear. The left and right boundaries of the computational domain are terminated using the material-independent PML, while periodic boundary conditions imposed at the upper and lower limits simulate the periodicity along the -direction. A staircase approximation is utilized for the treatment of material interfaces.
Since the defect elements are associated with the addition of a high refractive index material, frequencies of some modes from the higher air band are expected to drop into the bandgap and form localized photonic states. This is verified in Fig. 4 , where the amplitude transmission coefficient, versus normalized frequency, is depicted when the number of defect cylinder rows is varied between 1 and 5. The tilt angle is kept constant and equal to 45 . It is observed that for one defect cylinder row, a discrete mode appears near the higher band edge. Gradually increasing the number of rods, results in a corresponding decrease of the resonant mode frequency, while for three cylinder rows filled with E7, a second mode is pulled down from the air band and is downshifted in frequency for four and five defect rows. A significant conclusion drawn from Fig. 4 is that the resonant peaks become sharper as they move away from the band edge.
The corresponding transmission coefficient in the cases of two and four defect cylinder rows is plotted varying the tilt angle in Fig. 5(a) and (b) , respectively. Altering the optical axis orientation inside the defect voids, changes the effective permittivity and thus the position of the defect modes. In particular, they move toward higher frequencies, as the molecules deflect from the vertical position. This is consistent, as the more the liquid crystal director is tilting toward the axis, the smaller the effective refractive index will be, thus pushing the defect modes closer to the air band. In both figures, the frequency bandgap of the perfect photonic crystal is plotted as well. Apparently, the insertion of the liquid crystal defect causes a bandgap widening, affecting its upper edge more. Due to the scalable properties of photonic crystals, the lattice constant in each case can be chosen so that the device is rendered suitable to operate as a spectral filter in modern optical communication systems. In the former case [ Fig. 5(a) ], where one resonant spike is present inside the bandgap, a wavelength tuning range between and is achieved. For example, if the lattice constant equals 414 nm, the resonant mode wavelength varies between 1531.5 and 1564 nm, covering a significant portion of the C-band. For the same value of the lattice constant, the width of the resonant peaks is approximately 1.85 nm. On the other hand, when four rows of air voids are filled with E7 ( Fig. 5(b) ), two resonant modes appear in the frequency gap. Focusing on the mode group which is located away from the band edge, the tuning range accomplished is calculated to be between and . Specifically, if the lattice constant is selected to be 400 nm, the defect mode wavelength gradually shifts from 1527 to 1574 nm, including the whole C-band, while the resonance width is around 0.55 nm. Therefore, as the number of defect cylinder rows is increased moving the defect modes away from the air band, the tuning range is also increased and the resonant peaks in the transmission spectrum become narrower.
B. Dielectric Photonic Crystal With a Liquid Crystal Defect Layer
In the next application, the discrete defect cylinders are replaced by an E7 layer interposed between two blocks of the previous photonic crystal, each consisting of four periods, as shown in Fig. 6 . The lateral width of the structure is infinite. Electrodes are attached on two thin films of indium tin oxide (ITO) with relative refractive index equal to 1.9, and thickness . In this way a local static voltage, applied across the liquid crystal slab, can alter the optical axis direction.
The director orientation profile is derived by a minimization technique of the total free-energy per unit volume, which in the case of the splay geometry under consideration is expressed as (14) Under the one constant approximation , the following Euler equation is derived (15) and it is numerically solved using a relaxation technique. The splay elastic constant is equal to 12 pN and the susceptibility anisotropy (static) . In addition, as the liquid crystal molecules reorient, the static electric field must satisfy Maxwell's equation (16) The zero divergence equation is enforced self-consistently along with (15) in a repetitive way until convergence is attained. The resulting director profiles are shown in Fig. 7 for various values of the applied voltage. The transmission coefficient is illustrated for various values of the E7 layer thickness in Fig. 8(a) and (b) . The applied voltage is set to 2 V. Similarly to the previous application, the formation of the liquid crystal cavity widens the stop band. Focusing on Fig. 8(a) , which corresponds to thin liquid crystal slabs, it is evident that even a slight increase of the defect area significantly shifts the modes toward lower frequencies. For thicker defect layers two defect modes appear inside the bandgap [ Fig. 8(b) ]. The lower frequency mode is pulled up from the dielectric band and can be characterized as an acceptor-type mode, while the upper frequency mode is a donor-type mode originating from the air band. The occurrence of both mode types can be attributed to the replacement of a photonic crystal segment by the E7 material whose permittivity value lies between the dielectric constants of air and silicon. Therefore, there are areas where air is substituted by the higher permittivity E7, so that modes from the air band drop downwards to form donor-type defect states, while in other regions the lower permittivity liquid crystal locally replaces silicon, resulting in the appearance of acceptor-type modes. In Fig. 8(b) it may also be noticed that as the liquid crystal slab becomes thicker, the distance between two neighboring modes is reduced and the number of spikes inside the gap zone rises.
Another parameter that has been found to significantly affect the spectral properties of the device, is the distance (Fig. 6) , which determines the proximity of the liquid crystal cavity to the two photonic crystal blocks. We may notice in Fig. 9 , where the transmission coefficient for various values of is depicted, that as the distance between the defect slab and the photonic crystal is increased, in other words as more high-permittivity material is added, the resonant modes are shifted toward lower frequencies, while the limits of the bandgap are also shifted. It must be mentioned that the previous calculations are performed assuming that the liquid crystal layer is three times the lattice constant thick and the applied voltage is 2 V. It is expected that the thickness of the ITO films will also influence the location of the defect modes. However, thick ITO slabs should be clearly avoided as their inherent losses will be a limiting factor to the device transmittance. Conclusively, the position of the peaks can be adjusted by properly selecting the aforementioned parameters. Having chosen, after the previous study, the values and for the parameters and , the tuning properties of the device are investigated, varying the applied voltage. The transmission coefficient for four different voltage values between 0 and 4 V is plotted in Fig. 10 . As in the previous cases, the widening of the frequency bandgap is evident. Furthermore, the two mode groups inside the bandgap offer wide tuning ranges which vary from to for the lower frequency modes and from to for the higher frequency mode group. In the former case, for example, if the lattice constant is selected to be 320 nm, so that the E7 layer thickness is 960 nm, the tuning range offered is between 1528 and 1619 nm, covering both the and bands. On the other hand for nm and nm, the defect mode wavelength varies between 1527 nm and 1608 nm, including the whole band plus a significant portion of the band. Consequently, adequate tuning ranges are accomplished requiring low operating voltages. Moreover, when the liquid crystal slab is surrounded by four periods of the photonic crystal, the mean resonance width is calculated to be around 4.9 and 3.3 nm in the two cases. It can be seen that the spikes become sharper as they move away from the band edges and the shifting of each mode is enhanced. Therefore, by a proper choice of the structural dimensions, the modes can be placed at the centre of the stop band and the spectral properties of the device can be changed. Several such cases have been tested. Among them, in two representative ones, where the parameters and are set to ( , ) and ( , ) respectively, the tuning ranges and the corresponding resonance widths have been calculated to be 1531-1611, 3.3 nm and 1521-1628, 1.9 nm.
In all the previous simulations concerning our second application, we have assumed that four unit cells surround the defect layer along the horizontal direction. However, we expect that the resonant peaks will become sharper as the number of periods is increased. This aspect is examined in Fig. 11 . Specifically, for , , and V, where one defect mode appears in the centre of the bandgap, four, five and six periods of the photonic crystal are supposed to envelope the liquid crystal layer. It has been found that the width of the resonance is decreased from 3.06 nm in the four-period case, to 0.84 nm and further to 0.23 nm in the five-and six-period cases. Additionally, a slight shift of the mode's frequency is discerned. All of the above suggest that such devices can find potential applications in WDM systems, even meeting the requirements for a 25-GHz grid, where a 0.2-nm channel spacing is employed.
C. Metallic Photonic Crystal With a Liquid Crystal Defect Layer
The properties of the previous configuration are examined when the dielectric photonic crystal is substituted by a metallic one, adopting the geometry of Fig. 12 . As illustrated, the E7 liquid crystal slab is placed between two segments of a square lattice of metallic infinite height rods inserted in a low refractive index background. The radius of each cylinder cross section is set to , while the refractive index of the background material is chosen to be 1.32, typical of certain nanoporous materials. The selected photonic crystal prohibits the propagation of TE waves along the direction in a wide frequency range, as shown in the dispersion diagram of Fig. 13 , which was obtained using the technique outlined in Section II. Furthermore, the defect layer is three times the lattice constant and the distance is considered to be equal to , leading to the appearance of two resonant modes. It is initially assumed that the term in the complex permittivity function is neglected for high optical frequencies, so that (17) Additionally, the plasma frequency is set to . The transmission coefficient for various voltage values is depicted in Fig. 14. In this case too, the bandgap widening is apparent. The mode wavelength is shifted in the region for the lower frequency mode group and for the upper frequency one. Thus, if the value 546 nm is selected for the lattice constant, the defect layer thickness will consequently be 1638 nm and the tuning range 1528-1617 nm. Similarly, for nm and nm, the corresponding tuning range for the higher frequency mode group is calculated to be 1528-1599 nm. Moreover, the respective widths of the defect peaks are around 3.2 and 2.6 nm in the two occasions. It must be added that, as noted in the previous applications as well, the spikes get sharper as they move away from the edges of the bandgap. Obviously, the previous characteristics can be further improved to satisfy practical demands, as commented in the dielectric photonic crystal case.
The metal absorption must, however, be taken into account when the collision frequency becomes comparable to the operational frequency. In Fig. 15 the transmission coefficient is plotted for various values of the collision frequency. The applied voltage is set to 2 V. As expected, the transmission is reduced for increased values of the collision frequency. Specifically, for the TE waves we consider in this study, the amount of absorption increases for higher frequencies. It is also observed that when , the bandgap edges are shifted, while the location of the resonant peaks is steady if is equal or lower than .
IV. CONCLUSION
Various filtering devices, based on the introduction of liquid crystal defects into dielectric and metallic photonic crystals, have been explored using appropriate formulations of the FDTD method. The position of the defect modes with respect to the placement and extent of the defect area, as well as their tuning invoked by the application of static electric fields have been investigated. It has been observed that narrower mode linewidths and wider tuning ranges are associated with modes located away from the bandgap edges. Hence, by a proper choice of the geometrical characteristics the desired spectral response can be engineered, so that the proposed devices could operate as tunable filters in WDM systems. Indeed, it has been demonstrated that narrow mode linewidths, almost 0.2 nm, and tuning ranges in the order of tens of nanometers, covering in some cases both the C and L bands, can be realized for operating voltages up to 4 V.
